Purpose: Reactive oxygen species modulator 1 (ROMO1) is a novel protein regulating intracellular reactive oxygen species production. Although increased ROMO1 expression has been associated with poor clinical outcomes in several human malignancies, the clinical implication of this protein in a radiotherapy setting has never been explored. The aim of this study was to investigate whether ROMO1 expression is associated with survival in lung cancer patients who received radiotherapy. Methods: ROMO1 protein expression was evaluated immunohistochemically using histologic score (H-score) in 49 tumor tissues from stage III non-small cell lung cancer (NSCLC) patients treated with definitive radiotherapy. We performed survival analyses according to various clinicopathological parameters including ROMO1 expression. Results: ROMO1 expression was not associated with any clinicopathological parameter of age, sex, smoking status, stage, or histological subtype. Multivariate analyses showed that high ROMO1 expression was independently associated with worse progression-free survival (hazard ratio [HR] = 1.87, 95% confidence interval [CI]: 1.02-4.23) and with worse overall survival (HR = 2.79, 95% CI:1.13-6.87). In addition, high ROMO1 expression was independently associated with shorter time to loco-regional recurrence (HR=2.71, 95% CI:1.04-6.28) but was not associated with time to distant metastasis. Conclusion: ROMO1 overexpression was associated with early loco-regional recurrence and poor survival outcomes in stage III NSCLC treated with definitive radiotherapy. Our exploratory results provide a basis for further large-scale studies to validate whether ROMO1 could be a prognostic marker in this setting.
Introduction
Lung cancer is the leading cause of cancer-related death globally. [1] [2] [3] Approximately 220,000 new cases of lung cancer and 158,000 cases of lung cancer-related deaths occurred in the United States in 2015. 4 Although, advances in targeted therapy and immunotherapy have demonstrated remarkable survival benefits for metastatic nonsmall cell lung cancer (NSCLC), there is relatively modest progress in treatment of locally advanced disease, i.e., stage III NSCLC. Based on the established superiority of concurrent chemoradiotherapy (CRT) over sequential treatment in inoperable stage III NSCLC, 5 many trials have been conducted to evaluate the clinical benefit of new chemotherapeutic agents or consolidation treatment. However, these trials have failed to demonstrate prolonged survival compared to conventional regimens, and the 5-year survival rate of stage III NSCLC remains 27-32%. [6] [7] [8] Therefore, discovery and clinical application of biomarkers are crucial in improving the survival of patients by predicting treatment outcome and optimizing or individualizing the current treatment strategies for high-risk patients.
ROMO1 is a novel protein that has been discovered in human head and neck cancer tissue. It is located in the mitochondrial inner membrane, where it controls mitochondrial reactive oxygen species (ROS) production. 9 Earlier studies have demonstrated that ROMO1 is up-regulated in a variety of human cancer cells, and that ROMO1-induced ROS production is essential for proliferation of cancer cells, as well as normal cells. 9 Recent clinical studies have shown the prognostic value of ROMO1 expression in several human malignancies. ROMO1 overexpression was associated with tumor invasiveness and poor survival in hepatocellular carcinoma patients who received surgical resection. 10 Similar results were reported for colorectal cancer patients. 11 Recently, we have reported that ROMO1 expression was associated with shorter survival in NSCLC patients who were treated with platinum-based chemotherapy and surgical resection. 12, 13 These previous studies suggest that ROMO1 confers tumor aggressiveness or invasiveness and thus can be used as a potential biomarker. Considering that ROS-induced DNA damage is a critical step in radiotherapy (RT)-induced cancer cell death, ROMO1, a key regulator of ROS production, could be closely associated with resistance to RT, as shown in chemotherapy and surgical resection.
Based on this hypothesis, we conducted the present study to investigate whether ROMO1 expression is associated with treatment outcome in inoperable stage III NSCLC patients who received definitive RT and whether ROMO1 has predictive or prognostic value in this clinical setting.
Materials And Methods

Study Subjects And Data Collection
We retrospectively recruited patients who received RT for treatment of lung cancer at Kyung Hee University Hospital, a tertiary referral hospital in South Korea, from January 2010 to July 2017. Criteria for inclusion in this study were histologically confirmed stage III non-small cell lung cancer, receipt of definitive RT with or without chemotherapy, Eastern Cooperative Oncology Group (ECOG) performance status ≤2, available cancer tissue specimens, no previous history of thoracic RT, no previous or concurrent illness that would compromise completion of treatment, and available follow-up data. Patients who received postoperative or palliative RT were excluded.
All the patients underwent staging work-up including chest computed tomography (CT), brain magnetic resonance imaging, and 18 F-fluorodeoxyglucose positron emission tomography (PET). TNM staging was determined according to the 8th edition of the International Association for the Study of Lung Cancer TNM staging system. We reviewed electronic medical records to obtain demographic information, past medical or social history, and clinical data of all participants. This study protocol was approved by the Clinical Research Ethics Committee of Kyung Hee University Hospital, and written informed consent was obtained from all live patients but was waived for deceased patients. All research was carried out in compliance with the Declaration of Helsinki.
Radiotherapy Schedule
All patients received CT-planned RT. The gross extent of the primary tumor and grossly involved lymph nodes visualized on chest CT and PET were target lesions of RT. Elective nodal irradiation was not performed. The prescription dose was determined by a radiation oncologist (M Kong) based on size of the target lesion, patient's general condition, and probability of RT-induced toxicity. A daily dose of 1.8-2.5 Gy was delivered at five fractions per week, resulting in a total dose of 57.5-70.4 Gy. For standard comparison of different RT dose schedules, biologically equivalent doses were calculated using a linear quadratic model with an α/β ratio of 10. Implementation and regimen of chemotherapy were individualized based on patient performance status and compliance. Follow-up visits were scheduled 1 month after completion of RT and every 2-3 months thereafter. At follow-up visits, basic laboratory studies, chest radiography, and chest CT scan were conducted. PET was also performed as needed.
Quantification Of ROMO1 Protein Expression
Formalin-fixed paraffin-embedded tumor tissue specimens were used for evaluation of ROMO1 protein expression by immunohistochemical staining. Staining was performed on 4-μm-thick tissue sections using the Bond Polymer Refine Detection System (Leica Biosystems, Newcastle, UK) according to the manufacturer's instructions. Representative paraffin blocks were selected after initial evaluation of hematoxylin-eosin stained slides. Sections were deparaffinized with Bond Dewax Solution (Leica Biosystems), and antigen retrieval was performed using Bond Epitope Retrieval Solution 1 (Leica Biosystems) for 20 mins at 100°C. Endogenous peroxidase was quenched by incubation with hydrogen peroxide for 15 mins. Sections were incubated in a Bond-Max Immunoautostainer (Leica Biosystems) for 15 mins with 1:200 dilution of ROMO1 mouse monoclonal antibody (OTI2C12, OriGene, Rockville, MD, USA) labeled with a biotin-free polymeric horseradish peroxidase-linker antibody conjugate system. Bound peroxidase was visualized using a solution of diaminobenzidine as the chromogen, and nuclei were counterstained with Mayer's hematoxylin. Colonic adenocarcinoma and normal breast tissue were used as external positive controls, and endothelial cells around the tumor were used as an internal positive control. All sections were examined by a pathologist (JY Sung) who was blinded to the clinical data. Sections were examined under a light microscope at ×200, and cytoplasmic staining was considered positive expression. Staining intensity was defined as follows: 0, no staining; 1, weak; 2, moderate; or 3, strong. Quantification of positivity (0-100%) was based on an estimate of the percentage of tumor cells with the specific staining intensity. The final histologic scores (H scores) were obtained by the following equation: H score = (proportion of tumor cells with no staining x 0) + (proportion of tumor cells with weak intensity x 1) + (proportion of tumor cells with moderate intensity x 2) + (proportion of tumor cells with strong intensity x 3). The final H scores range from 0 to 300.
Statistical Analyses
For discriminating between low and high ROMO1 expression, the cutoff H-score was defined as the point with the lowest p-value on the log rank test for all possible H-scores. To assess the association between ROMO1 expression and clinical outcome, we analyzed time to loco-regional recurrence (TLR), time to distant metastasis (TDM), progression-free survival (PFS), and overall survival (OS). Loco-regional recurrence was defined as an increase in size of target lesions or appearance of new lesions in the ipsilateral thorax, ipsilateral and/or contralateral hilum, mediastinum, and supraclavicular lymph node regions, while distant metastasis was defined as evidence of tumor in any other area. PFS and OS were defined as the times from the first day of treatment to disease progression/death and to death from any cause, respectively. Baseline characteristics between groups were compared using Fisher's exact test. Associations between clinical parameters and survival were first evaluated by univariate analysis using log rank test; subsequently, multivariate Cox's proportional hazard regression was conducted with adjustment for parameters with p values less than 0.3 in univariate analysis. Survival curves were generated using the Kaplan-Meier method. P values less than 0.05 were considered significant. All analyses were performed using SPSS version 21.0 (IBM Corporation, Armonk, NY, USA).
Results
Patient Characteristics
Among the total of 213 patients who received RT for treatment of lung cancer at our institution during the screening period, 156 did not meet the inclusion criteria of this study; 60 patients showed histologically confirmed small cell lung cancer, 45 patients received postoperative or palliative RT, 21 patients were not stage III, 18 patients did not have available cancer tissue specimens, and 12 patients were ECOG performance status ≥3. Among the remaining 57 patients, 8 whose tissues were unsuitable for immunohistochemical staining were also excluded. Therefore, 49 patients were finally included in this study.
Clinical characteristics of the study population are summarized in Table 1 . All were Korean, and the median age was 72 years (range, 49 to 80 years). Twenty-nine patients (59%) were over 70 years of age, and 8 patients (16%) were female. Thirty-three patients (67%) had squamous cell carcinoma, and 29 patients (59%) had stage IIIA disease. Thirty-six patients (73%) had an Eastern Cooperative Oncology Group (ECOG) performance status of 0 or 1, and 26 patients (53%) were current smokers. Fifteen patients (31%) were treated with intensity-modulated RT (IMRT), while 34 (69%) were treated with 3-dimensional conformal RT (3D-CRT). The median biologically equivalent dose (BED) was 75.1 Gy 10 (range, 70.1-82.5 Gy 10 ). Ten patients (20%) experienced temporary RT interruption due to treatment-related toxicities, and the median duration of RT interruption was 5 days (range, 4-17 days). Chemotherapy was performed in 29 patients (59%); concurrent and sequential in 18 (62%) and 11 patients (38%), respectively. Etoposide/platinum, vinorelbine/platinum, and paclitaxel/platinum was used as chemotherapy in 14 (48%), 10 (34%), and 5 patients (18%), respectively. 
ROMO1 Expression
Representative sections with different H-scores are shown in Figure 1 . ROMO1 protein was mainly localized in the cytoplasm of cancer cells, which is consistent with previous studies. 10, 13 The ROMO1 H-scores were normally distributed with a median of 155 (range, 10-295).
Associations Between ROMO1 Expression And Clinicopathological Parameters
The optimal cutoff H-score for discriminating between low and high ROMO1 expression was determined to be 200. With this cutoff, 35 patients (71%) were allocated to the low ROMO1 group and 14 patients (29%) to the high ROMO1 group.
To evaluate whether ROMO1 expression is associated with clinicopathological parameters, we compared the proportions of patients in different patient groups according to ROMO1 expression. However, there was no significant difference in patient or tumor characteristics between the low and high ROMO1 expression groups, suggesting that clinicopathological parameters of age, sex, smoking status, performance status, stage, and histological subtype are not associated with ROMO1 expression (Table 1 ).
Associations Between ROMO1 Expression And PFS And OS
The median follow-up duration of all patients was 21.0 months (range, 4.0-80.0 months). Results for PFS and OS according to clinicopathological parameter are summarized in Table 2 . The median PFS for the overall population was 10.4 months (range, 2.2-80.0 months). Univariate analysis showed that advanced age, current smoking, and high ROMO1 expression showed a non-significant decreasing trend for PFS. In the multivariate analysis, current smoking (HR=2.03, 95% CI: 1.01-4.46) was significantly associated with shorter PFS. In addition, high ROMO1 expression was independently associated with shorter PFS (HR=1.87, 95% CI:1.02-4.23). The Kaplan-Meier survival curves also showed that patients with high ROMO1 expression were likely to have shorter PFS (Figure 2A) .
During the follow-up period, 18 (18/35, 51.4%) and 9 patients (9/14, 64.3%) died in the low and high ROMO1 expression groups, respectively. The median OS for all study subjects was 24.3 months (range, 3.5-80.0 months). Univariate analysis revealed that poor performance status (17.0 versus 32.5 months, p=0.046) and high ROMO1 expression (13.5 versus 29.0 months, p=0.038) were significantly associated with shorter OS. Multivariate analysis showed that poor performance status (HR =2.37, 95% CI:1.08-6.55) was significantly associated with shorter OS. In addition, high ROMO1 expression was independently associated with shorter OS (HR=2.79, 95% CI:1.13-6.87). The Kaplan-Meier survival curves also showed that patients with high ROMO1 expression were likely to have a shorter OS ( Figure 2B ).
Associations Between ROMO1 Expression And TLR And TDM
During the follow-up period, loco-regional recurrence occurred in 14 (14/35, 40.0%) and 8 patients (8/14, 57.1%) in the low and high ROMO1 expression groups, respectively. In addition, 13 (13/35, 37.1%) and 6 patients (6/14, 42.9%) experienced distant metastases in each of these groups, respectively. Among the 22 patients who experienced loco-regional recurrences, 12 (12/22, 54.5%) Results for TLR and TDM according to clinicopathological parameter are summarized in Table 3 . The median TLR for the overall population was 38.5 months (range, 3.6-80.0 months). In univariate analysis, advanced age and RT without chemotherapy showed a non-significant decreasing trend for TLR, and high ROMO1 expression was significantly associated with shorter TLR (10.2 versus 60.4 months, p=0.044). In the multivariate analysis, RT without chemotherapy was significantly associated with shorter TLR (HR=2.86; 95% CI: 1.01-5.43). In addition, high ROMO1 expression was independently associated with shorter TLR (HR=2.71, 95% CI: 1.04-6.28). The Kaplan-Meier survival curves also showed that patients with high ROMO1 expression were likely to have shorter TLR ( Figure 2C) . The median TDM for the overall population was 18.5 months (range, 2.5-80.0 months). The univariate and multivariate analyses indicated that there were no clinicopathological parameters associated with TDM. In addition, ROMO1 expression was not associated with TDM. The Kaplan-Meier survival curves for TDM are presented in Figure 2D .
Discussion
The present data demonstrate that ROMO1 overexpression is significantly associated with poor PFS and OS in patients with stage III NSCLC who received definitive RT. The association was also shown with TLR but not with TDM, suggesting that ROMO1 is more relevant to local recurrence rather than distance metastases. To the best of our knowledge, this is the first study demonstrating a relationship between ROMO1 expression and survival outcome in cancer patients who were treated with RT, which suggests that ROMO1 could have clinical usefulness as a potential prognostic biomarker in such patients.
Identifying resistance mechanisms or biomarkers for treatment response or survival is crucial to select high-risk patients and to increase the survival of those patients. For metastatic NSCLC, although clinically applicable biomarkers are lacking, numerous studies have been conducted on the potential biomarkers, such as genetic abnormality, including the KRAS mutation; 14 DNA repair mechanisms, including excision repair of cross-complementation group 1; 15 oncoproteins, including carcinoembryonic antigen (CEA) and cytokeratin 19 fragments (CYFRA 21-1); 16 and inflammatory markers, including certain cytokines or relative ratios of blood cells. 17, 18 In contrast, for inoperable stage III disease that should be treated with RT, there are few biomarker studies. One study has reported that baseline leukocytosis and neutrophilia were associated with poor OS, PFS, TLR, and TDM in stage III NSCLC treated with concurrent CRT. 19 Another study has demonstrated that blood-based biomarkers including osteopontin and CYFRA 21-1, alpha-2-macroglobulin, interleukin-2 receptor, and vascular endothelial growth factor showed predictive value in patients with inoperable stage I-IIIB NSCLC. 20 These studies require validation, and there is no prognostic biomarker with confirmed clinical usefulness for lung cancer patients treated with RT.
Studies have demonstrated that ROS are critically involved in many steps of cancer development. The imbalance between pro-oxidants and anti-oxidants can result in oxidative stress, which is linked with DNA damage, carcinogenesis, and cancer progression. 21, 22 In addition, increased ROS level has been observed in many tumor cells. 23 However, the exact mechanisms of intracellular ROS production and regulation were not clearly understood until recently. ROMO1 is a mitochondrial inner membrane protein known to regulate mitochondrial ROS production and is an essential redox sensor in mitochondrial dynamics. 9 A very recent study showed that ROMO1 forms a viroporin-like nonselective cation channel that is inhibited by Fe 2+ ions, a transition ion involved in ROS metabolism. 24 Clinical studies have consistently suggested that this channel protein is associated with early recurrence and worse survival of surgically-treated human malignancies including lung cancer. 10, 11, 13, 25 Moreover, it has been reported that ROMO1 overexpression is associated with treatment response and survival in NSCLC patients who were treated with platinum-based chemotherapy. 12 Thus, ROMO1 has emerged as a novel biomarker in cancer Abbreviations: ECOG, Eastern Cooperative Oncology Group; ADC, adenocarcinoma; SQCC, squamous cell carcinoma; IMRT, intensity-modulated radiotherapy; 3D-CRT, 3-dimensional conformal radiotherapy; BED, biologically equivalent dose; TLR, time to loco-regional recurrence; TDM, time to distant metastasis; HR, hazard ratio; CI, confidence interval.
management. As RT-induced cell death results mainly from ROS-induced DNA damage, we postulated that ROMO1, a key regulator of intracellular ROS, could be involved in resistance to RT. The aforementioned studies and our data have demonstrated that ROMO1 overexpression is significantly associated with poor survival outcome in cancer patients regardless of treatment modality.
Although further large-scale prospective studies are required, the consistent results suggest that ROMO1 could be a potential prognostic biomarker for cancer management in various clinical settings. The exact mechanism of how ROMO1 is related to treatment resistance and shorter survival in stage III NSCLC treated with RT is unclear. However, enhanced adaptation to oxidative stress by ROMO1 could be a possible answer. ROMO1-induced ROS production is indispensable for proliferation of cancer and normal cells, which might result from upregulation of various self-protective anti-oxidants. 9 Thus, high ROMO1 expression can be conferred to a well-adapted state or resistance of DNA damage against external stress including irradiation or chemotherapy. Moreover, ROMO1-related persistent oxidative stress can increase cancer cell aggressiveness and invasiveness by inducing continuous genomic instability. 21, 26, 27 Although further preclinical studies are required to confirm our hypothesis, it is supported by a previous study reporting that ROMO1 is associated with sensitivity to γ-radiation in lung cancer cells. 28 This study has several limitations. First, as this study is retrospective in nature, there may be inherent bias. For example, RT fractionation schedules and RT techniques were decided by the attending radiation oncologist rather than using a pre-determined definite protocol, which may affect clinical outcome. Second, this is a small explorative study performed in a single institution. To make up for the small sample size, we analyzed various survival outcome parameters including TLR and TDM simultaneously. Third, we only evaluated tissue ROMO1 expression using immunohistochemical staining. Future validation studies should evaluate data on serum or plasma ROMO1 level as well as those from tissues using various methods including Western blot, reverse transcription polymerase chain reaction, or enzyme-linked immunosorbent assay. Fourth, the treatment modalities used in the study were somewhat heterogeneous; for instance, patients who received RT alone or CRT were analyzed together. However, this may reflect current realworld practice for stage III NSCLC, and we successfully demonstrated the association between ROMO1 and RT outcome despite the heterogeneity. Finally, we did not evaluate or compare the clinical utility of other biomarkers. As previous studies have suggested, 29,30 a comparison with diagnostic value or an investigation of the combined effect with established biomarkers or serum ROMO1 would provide more informative data.
Conclusion
In summary, we verified that ROMO1 may be associated with an unfavorable clinical outcome in stage III NSCLC patients who were treated with RT. Our results are in accordance with previous studies conducted in different clinical settings and confirm the potential usefulness of ROMO1 as a prognostic biomarker. If large-scale prospective studies confirm our results, ROMO1 might help us to accomplish precision medicine in an RT setting by selecting high-risk patients who may require additional consolidation treatment and a closer follow-up. In addition, the consistent data between ROMO1 and clinical outcome provide a basis for future investigation using other clinical specimens such as serum or bronchoalveolar lavage fluid and for other treatment modalities including targeted therapy or immunotherapy, which might facilitate clinical use of this novel protein.
